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Abstract. With the 8 TeV LHC run now concluded, the first consequences of the experimental results on the
supersymmetric parameter space can be drawn. On one hand, the negative direct searches place more and more
stringent bounds on the mass of supersymmetric particles; on the other hand, the discovery of a 125 GeV Higgs
boson points toward a quite heavy spectrum for the squarks of the third generation, at least in the minimal
supersymmetric model. In this note I will briefly recap how this constitutes a problem for the naturalness of
supersymmetric models, as well as the current experimental situation. Moreover, I will point out possible non
minimal models in which the naturalness issue can be at least soften.
1 Introduction: the Hierarchy problem,
once more
After the discovery of a scalar particle with mass around
125 GeV and properties closely resembling those of the
Standard Model (SM) Higgs boson [1, 2], the long stand-
ing problem of the stability of fundamental scalar masses
has become more acute than ever. As is well known, the
problem stems from the Renormalization Group Equation
(RGE) for the scalar squared mass parameter. At one loop,
it can always schematically be written as
dm2S
d log µ
= βM2 . (1)
Here M is the mass of any particle that enters in the loop
correction to the scalar two point function, and β a co-
efficient (calculable in perturbation theory) that encodes
informations on the couplings between the scalar and the
particles entering in the loop. In the pure SM, the largest
contribution is given by the top quark, being it the parti-
cle most strongly coupled to the Higgs boson. If we as-
sume Eq. (1) to be a fair way to mimic the effect of any
new physics appearing above the Electroweak (EW) scale,
M ∼ ΛNP and we expect m2S to get corrections propor-
tional to Λ2NP:
δm2S (ΛEW ) ' βΛ2UV log
(
ΛUV
ΛEW
)
. (2)
That such corrections are present is at least plausible, since
we expect the SM to be leastwise somehow coupled to
gravity (in which case ΛNP ∼ MPL), but the result is more
general and is true for any scale of new physics present
above ΛEW . Assuming the new experimental scalar to be
the SM Higgs boson, this result can be problematic, since
its mass is observed to be of order of the EW scale and not
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much larger, as expected from the previous considerations.
This is the well known Hierarchy Problem.
Inspection of Eqs. (1-2) shows possible ways to evade
the problem: we can either assume a very low cut-off ΛNP,
or we can try to cancel all the large contributions adding
new particles with suitably chosen couplings. The first
way has been pursued in the last years in models of Com-
posite Higgs (see [3] for a review), in which moreover the
Higgs boson is required to be a Pseudo-Goldstone boson
of some dynamically broken group in order to guarantee
its lightness. The second way is pursued, at least up to
a certain extent, in Supersymmetric (SUSY) theories, on
which we are going to focus in the following.
The remaining of this note is organized as follows: In
Sec. 2 SUSY will be briefly discussed, especially in con-
nection with the LHC phenomenology and the fine tuning
problem. In Sec. 3 the latest LHC results will be discussed,
together with their consequences on Supersymmetric pa-
rameter space. In Sec. 4, insisting on naturalness, some
alternatives to the standard SUSY scenario are presented
(with no attempt to completeness, given the huge number
of relevant alternatives presented in the literature). Some
conclusions and perspectives are presented in Sec. 5.
2 Supersymmetry and Naturalness
The structure of supersymmetric theories is too well
known to be discussed in detail here. 1 Let us just stress
the features essential for our discussion. As far as exact
SUSY is assumed, in Eq. (1) only a wave function renor-
malization contribution proportional to m2S itself survives.
In this case, m2S is protected from large radiative correc-
tion. However, it is well known that in any SUSY theory
which attempts to be phenomenologically relevant, SUSY
must be broken. The presence of soft SUSY breaking
1For a comprehensive review, see [4]
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terms in the lagrangian modifies once more the RGE for
any scalar squared mass, in particular those relevant for
the Higgs boson mass. Schematically, they can now be
written as
dm2h
d log µ
= βm2SUSY , (3)
where m2SUSY is the scale of SUSY breaking. Apparently,
we are back to the original problem, Eq. (1). However, the
hope is now that the scale m2SUSY of Eq. (3) is low enough
for the theory to be only mildly tuned. A useful way to
measure the amount of fine tuning is given by [5, 6]
∆ =
∂ logm2h
∂ log a2
. (4)
Here, a2 is any soft parameter that enters in the determina-
tion of the Higgs mass (or equivalently, of the EW scale),
and 1/∆ measures the amount of tuning of the theory. For
instance, ∆ = 100 implies a tuning at the percent level.
We can now draw some conclusions on the typical
mass scales expected for SUSY particles. Using common
notation, we obtain [7]:
µ . 200 GeV
( mh
125 GeV
) √
∆
5
,
mt˜ . 600 GeV
sin β√
1 + x2t
F (Λ)
( mh
125 GeV
) √
∆
5
,
M3 . 900 GeV sin β F 2(Λ)
( mh
125 GeV
) √
∆
5
,
(5)
where mt˜ =
√
m2t˜1 + m
2
t˜2
is the averaged stop mass, xt =
At/mt˜ measures the left-right mixing in the stop sector
and F (Λ) =
√
3
log(Λ/TeV) gives the logarithmic factor com-
ing from the leading-log solution of the RGE, normalized
to a scale Λ ' 20 TeV. All the other s-particles can be
above the TeV scale without introducing too much fine
tuning [8], with the exception of the left handed scalar bot-
tom which, being related to the stops by gauge symmetry,
shares the same bound.
As a general message, we see that squarks of the third
generation (the one more strongly coupled to the Higgs
system) has to be below the TeV scale to have a natu-
ral theory, preferably with small left-right mixing. At the
same time, the gluino mass M3 can be around the TeV
scale, but not much heavier. The Higgsino mass µ, on the
other hand, must be in the 200 GeV ballpark: such a low
mass scale is due to the fact that this parameter enters in
the determination of the Higgs mass already at tree level,
and is thus more constrained than the parameters entering
only at loop level.
3 SUSY facing LHC8
Let us now comment on the experimental results which,
as is well known, have given negative results on the direct
search for supersymmetric particles. In the past years, ex-
perimental results on SUSY parameter space were given in
the CMSSM/mSUGRA framework, in which all the three
generations of squarks are basically degenerate at the weak
scale. The advantage of this scenario (far from being the
most general one) is the limited number of independent
parameters defined at high energy: m0, m1/2, A0, tan β
and sign(µ). Exclusion limits are usually casted fixing the
last three parameters. For instance, fixing A0 = −2m0,
tan β = 30 and µ > 0 the limits on gluino and squark
masses are [11, 12]
mg˜ & 1.4 TeV, mq˜ & 1.7 TeV (6)
These limits are mainly driven by the strong production of
squarks of the first two generations. In the general case,
we expect limits on squarks of the third generation to be
weaker, given the smaller production cross section at the
LHC.
The way experiments choose to present limits for a
generic spectrum is in terms of “simplified models” in
which, for given production and decay modes, only the
relevant degrees of freedom are retained in the spectrum
[13]. An updated set of limits can be found in the Atlas
and CMS websites [9, 10]. The general message is that
while the limit on the gluino mass is roughly comparable
with the one obtained in the constrained-MSSM scenario,
limits on stops and sbottoms are weaker (see Fig. 1):
mg˜ & 1.2 TeV, mt˜,b˜ & (600 − 700) GeV . (7)
As can be seen, direct searches are exploring the region
relevant for naturalness.
On top of this, also the results on the Higgs mass are
relevant for our considerations. It is well known that in
minimal SUSY models the tree level Higgs boson mass is
bounded from above by the Z mass, so that large radia-
tive correction are needed to increase the physical mass
up to the observed value. The most relevant corrections
are given by stops, i.e. exactly the same particles rele-
vant for naturalness. In particular, it turns out that stops in
the multi-TeV range and/or large stop mixing is needed to
achieve a 125 GeV Higgs boson. This has to be compared
with Eq. (5): the immediate consequence is that we expect
[14]
∆ & 100 , (8)
i.e. the minimal models are tuned at best at the percent
level.
There is no firm theorem stating that this amount of
tuning is unacceptable. However, if naturalness is chosen
at all by Nature as a guiding principle, we may expect the
level of fine tuning to be less pronounced, possibly in the
∆ ' 10−20 ballpark. We see then that, despite the negative
results from direct searches, the most problematic result
for naturalness is the measured Higgs boson mass.
Different ways of thinking have been put forward in
the literature concerning the fine tuning problem in the SM
and in minimal SUSY. They can be broadly summarized as
follows:
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Figure 1. Updated limits on supersymmetric particles masses obtained by the CMS collaboration. Similar bounds are obtained by the
Atlas collaboration. See [9, 10] for details.
• The way of fine tuning (strong version): we accept the
SM as it stands. The lightness of the Higgs boson is
due to tuning among parameters but no new physics is
present (apart from an explanation of neutrino masses
and Dark Matter);
• The way of fine tuning (milder version): we accept that
most of the Hierarchy problem is cured by SUSY, but the
TeV-scale soft SUSY breaking terms cause the theory to
be tuned at best at the percent level;
• The way of naturalness: we take naturalness as a princi-
ple followed by Nature, searching for minimally tuned
theories (we can for instance set a limit of possible ac-
ceptable fine tuning at the level of 5 − 10%, although
this is largely arbitrary). Sticking to SUSY, this moti-
vates the search for models beyond the minimal one.
Clearly, taking the first two point of views, we do no
need to do anything beyond the minimal theories apart
from possibly refining calculations in such frameworks (of
course this is a bit reductive, since for instance we lack of
any kind of explanation concerning the SUSY flavor prob-
lem or, more in general, there is no established theory of
flavor). On the other hand, some model building is neces-
sary taking the third point of view, as explained in Sec. 4.
4 Alternatives to the “standard” scenario
We take in this section the following point of view: natu-
ralness is a good guiding principle of Nature, and we thus
seek for minimally tuned theories. Taking SUSY as start-
ing point, this motivates the search for SUSY theories be-
yond the minimal one. Without any attempt to complete-
ness, we can try to classify possible proposals as follows:
1. “Hiding stops”: the stops are in the natural region,
but they are not detected because hidden in kinemat-
ically difficult regions;
2. “Increasing m2h at tree level”: if the Higgs boson
mass is increased at tree level, the sensitivity of its
mass to radiative corrections is diminished, improv-
ing naturalness;
3. “Mixing stops”: a mild improvement in the amount
of fine tuning is achieved mixing the stops with
other squarks. In particular, mixing with the scalar
charm allows the flavor bounds, as well as direct
searches, to be satisfied;
4. “Adding stops”: additional “stops” (i.e. particles
that give a radiative boost to the Higgs quartic com-
parable to the stops one) are added in the theory.
Possibly, multiple loop contributions (each one nat-
ural) can increase the Higgs boson mass up to the
observed level without introducing too much fine
tuning in the theory.
4.1 Hiding Stops
Stops and sbottoms searches in simplified models typically
consider the decay channels t˜ → tχ0 or b˜ → bχ0, with the
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sensitivity diminishing when the spectrum becomes com-
pressed, i.e. when mt˜,b˜ ∼ mt,b + mχ0 (see Fig. 1). 2 A pos-
sibility is thus that stops and sbottoms are in the natural
region but are not detected because the spectrum is some-
what compressed. If this is so, on rather general ground we
can expect the next run of the LHC to shed complete light
on this region. In any case, if both stops are hidden in this
region, in the minimal model there is no way to increase
the Higgs boson mass up to the observed level, so that ad-
ditional structures have anyway to be added (see Sec. 4.2).
The other possibility is to have one light and one heavy
stop, with the light one hidden in the compressed region
and the other one responsible for the Higgs boson mass.
However, taking naturalness as guiding principle, this is
not a viable solution since a large stop mixing is needed,
increasing in this way the fine tuning of the theory.
4.2 Increasing m2h at tree level
As already pointed out, the supersymmetric naturalness
problem is a direct consequence of the tree level upper
bound on the Higgs boson mass, with sizeable radiative
corrections needed to increase its value up to 125 GeV. It
is clear that the situation can be ameliorated introducing
in the theory additional structures to increase mh already
at tree level. There are three possibilities:
• F-terms: the Higgs quartic coupling is increased act-
ing on the F-term part of the tree level scalar poten-
tial. This is achieved introducing new supersymmet-
ric couplings between the two Higgs doublets and ad-
ditional superfields in the superpotential. The new su-
perfield can either be an electroweak singlet (as in the
NMSSM/λSUSY, see [16–18] and references therein),
or one or more triplet (see [19, 20] and references
therein);
• D-term: the Higgs quartic is increased adding a
D-term to the tree level scalar potential, i.e. ex-
tending the SM gauge group. Possible examples
are the gauge groups SU(3)×SU(2)×U(1)×U(1) or
SU(3)×SU(2)×SU(2)×U(1) [8, 21];
• Non renormalizable terms: if the scale of SUSY break-
ing is very low, in the few-TeV range, then non renor-
malizable operators in the Kahler potential can give rel-
evant contribution to the Higgs quartic, see for exam-
ple [22, 23].
Once the tree level Higgs boson mass is increased, it is
clear that the sensitivity of the physical mass to radiative
correction is diminished, allowing in particular for a heav-
ier stops spectrum without introducing too much fine tun-
ing.
4.3 Mixing Stops
A mild improvement in the fine tuning of the MSSM can
be achieved assuming a large mixing between the right-
handed stop and the right-handed scharm [24, 25]. The
2See also [15] and references therein.
main observation stems from the fact that, in presence of
such a mixing, the RGE for the Higgs mass parameter
are modified by the t˜R − c˜R mixing. 3 This scenario is
more favorable than the usual one since the s-charm mass
is still only mildly constrained by LHC direct searches. At
the same time, a mixing in the right handed sector is safe
from flavor constraints. The neat effect is to ameliorate the
fine tuning due to the right handed part of the spectrum by
roughly 30%.
4.4 Adding stops
A further possibility in trying to ameliorating the super-
symmetric fine tuning issue is to assume the existence of
a non minimal particle content, with additional states giv-
ing a sizeable radiative correction to the Higgs boson mass
(with contributions roughly of the same order as the stops
ones). The difference with respect to the situation outlined
in Sec. 4.2 is that here there is no tree level enhancement
of the Higgs boson mass. This kind of situation naturally
arises in models with an approximate R-symmetry [26–
32], where the role of additional “stops” may be played by
the adjoint superfields added to give Dirac masses to the
gauginos. A possibility is thus to increase the Higgs bo-
son mass up to the experimental value using multiple loop
contributions coming from all the “stop” particles present
in the theory (the stops themselves and the gaugino part-
ners), with soft masses for each particle kept small enough
in order not to introduce too much fine tuning in the the-
ory [33].
5 Conclusions
With the first LHC run now concluded, we can start draw-
ing conclusions on the shape of the theory of particle
physics. The main result that emerges from colliders (and
from flavor physics) is the impressive agreement between
the Standard Model and experimental data. If any new
physics is present, it is likely to manifest itself only as
a small perturbation around the Standard Model expecta-
tions. While from the experimental point of view this is
perfectly fine (and actually a great achievement), from the
theoretical point of view many points still remain open.
Particularly pressing is the question of how the Higgs bo-
son mass is kept light, since radiative corrections are likely
to drive it to much larger values than the one observed.
This basic observation has motivated much of the theoret-
ical activity in the last decades, leading to many proposals
of completions of the Standard Model designed to give a
naturally light electroweak scale. The case of supersym-
metry is particularly emblematic of the current situation
of most of such theories: although designed to give a nat-
urally light Higgs boson in a large part of their parame-
ter space, current experimental data are probing more and
3The usual RGE for the Higgs mass parameter in absence of mixing
reads
dm2h
dt = −
3y2t
8pi2
(
m2t˜L + m
2
t˜R
+ |At |2
)
. When the t˜R − c˜R mixing is in-
cluded, the previous equation must be modified by m2t˜R → c
2m21 + s
2m22.
Here c = cos θtc, s = sin θtc (with θtc the stop-scharm mixing angle) and
m1,2 are respectively the masses of the mostly stop and mostly scharm
states.
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more the natural region, with negative results. As a con-
sequence, a partial conclusion can already be drawn: ei-
ther Nature is simple but fine tuned, or it is natural but not
simple. While the search for natural theories is currently
still motivated (some examples were presented in Sec. 4
in a supersymmetric contest), it may be that if no sign of
new physics will emerge in the next run of the LHC (or
will emerge well outside the natural region), the concept
of naturalness may have to be definitively abandoned.
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